Peer reviewed journal article The strength and deformation capacity of concrete frames is typically governed by their nodal regions behaviour. This is particularly relevant for frame corners subjected to opening bending moments, where premature brittle failures may develop depending on the reinforcement arrangement. Although some previous investigations have shown a significant dependence of the nodal regions behaviour as a function of the corner angle (a, measured between frame axes), most research has concentrated on orthogonal corners (a = 90°). However, design recommendations obtained for orthogonal corners may not be directly applicable (neither optimal) for other corner angles, and particularly for larger corner angles. In this paper, the result of an experimental and theoretical investigation on frame corners with a corner angle (a = 125°) is presented. Sixteen tests were performed on 400-mm thickness specimens representative of actual frame corners subjected to opening bending moments. The experimental results are investigated by means of Elastic-Plastic Stress Fields and strut-and-tie models leading to a number of recommendations for their design in practice.
Introduction
A large number of RC structures present regions of discontinuity where beam theory is not suitable for design of the reinforcement [1] . This is for instance the case of nodal regions of frames, stairs, cut-and-cover tunnels, retaining walls, silos or folded structures (refer to Fig. 1 ). The behaviour of nodal regions is highly dependent on the reinforcement arrangement which ensures the transfer of inner forces and typically governs the strength and deformation capacity of the structure [2] . The use of suitable reinforcement arrangements is thus instrumental for the overall structural behaviour and many research efforts have been devoted in the past to this topic. For corner frames, these researches have most focused on members subjected to closing (Fig. 2a) or to opening corners (Fig. 2b) . Research has been founded on experimental works and some design approaches have been proposed on their basis, mostly based on lower-bound solutions of the theory of plasticity (strut-and-tie modelling [1, 28, 29] , refer to Fig. 2c , or stress fields [29] [30] [31] , refer to Fig. 2d ) as well as grounded on finite element modelling [32] [33] [34] . The strength and deformation capacity of nodal regions of reinforced concrete frames has also been a topic of investigation related to the cyclic (seismic) behaviour of frames. A detailed state-of the-art on this matter can be consulted elsewhere [35] [36] [37] .
Behaviour of orthogonal nodal regions
Most existing tests on nodal regions of frames have been performed on orthogonal geometries (a = 90°). Fig. 2e and f show the mechanical performance of the nodal regions (subjected to closing or to opening bending moments respectively) by means of the ratio between the bending moment at failure (M R ) and the theoretical bending strength (M flex ) calculated according to the theory of plasticity:
where q refers to the geometrical reinforcement ratio (cross-sectional area of the reinforcement divided by the width and effective depth of the section), f y refers to the yield strength of the reinforcement and f cp to the plastic strength of concrete (f cp = f c Ág fc , where f c is the compressive strength of concrete measured in cylinder and g fc a brittleness factor [29, 30] : g fc = (30/f c [MPa]) 1/3 6 1).
A relatively quite large scatter on the results is observed (refer to Fig. 2e and f) . This is due to the significant influence of the reinforcement layout on the overall behaviour (detailed analyses for each reinforcement detail will be commented later). For specimens with large amounts of secondary reinforcement [18, 26] or with significant hardening of the flexural steel, the measured strength may be larger than the calculated bending strength as only the principal flexural reinforcement of the nodal region is accounted on the analyses and the hardening properties of the steel are neglected. Nevertheless, some clear trends can be observed:
-The efficiency of the nodal regions decrease for increasing amount of reinforcement. This is justified because larger amounts of reinforcement imply larger inner forces to be deviated within the nodal region. -The behaviour observed for closing corners is generally satisfactory (at least for moderate to low values of mechanical reinforcement ratio: qÁf y /f cp ). In these cases, the inner forces ( Fig. 2c) can be deviated in an efficient manner [29] with development of a CTT node (tension chords in equilibrium with an inclined compression strut) and a CCC node (only compression struts at the node). -On the other hand, opening corners perform in general worse than closing corners for the same amount of mechanical reinforcement ratio. Their behaviour is highly influenced by the detailing of the CCT nodes [29] (Fig. 2d , one tension chord in equilibrium with two compression struts). This justifies the significantly large scatter of test results (Fig. 2f) , with rather sensitive performances depending on the anchorage conditions (development, mechanical devices, etc.) and on the presence or not of a reinforcement to control crack widths developing through the diagonal compression struts of the nodal region.
A more detailed analysis of the results for the opening corners as a function of the reinforcement layout is shown in Fig. 3 . Five reinforcement arrangements are considered for the flexural bars (A to E, refer to Fig. 3b and f respectively) as well as four for the secondary reinforcement arrangements (a-d):
-In comparison to Fig. 2f , the scatter of the results is reduced for each reinforcement layout (flexural and secondary) although it is still significant. ; (e) for closing moments (94 tests) and (f) for opening moment (230 tests). -The performance of the nodal region is generally improved with the addition of a secondary reinforcement for crack control or for deviation of compression struts. -The best performances are in general obtained for flexural reinforcement layouts D and E ( Fig. 3e and f) . These solutions are nevertheless difficult to be used in practice due to the bents and hooks required for the flexural bars. -The worst performances are in general obtained for the flexural arrangement type C (flexural bars developed in the compression chords [29] , Fig. 3d ), which is however, very simple to be arranged in practice. Also, very poor performances are obtained for detail Aa (continuous flexural reinforcement without secondary reinforcement, Fig. 3b ).
Behaviour of non-orthogonal nodal regions
In contrast to the large amount of tests performed for orthogonal nodal regions, a more limited amount of tests [3] [4] [5] 11, 20] have been performed for other values of the nodal angle and in all cases for members with low thicknesses (lower than 200 mm, which may overestimate the strength of thick members in case the tensile strength of concrete is governing). However, such geometries are frequently found in practice, normally with larger values of such angle (a > 90°, refer to Fig. 1 ) and in many cases for thicker members.
The available results (refer to Fig. 4) show that all of the previous conclusions for orthogonal nodal regions are not directly applicable to other angles of the nodal regions. For instance, reinforcement details type C and D (where tests are available) show minimum performance for corner angles in between 90°a nd 120°(refer to Fig. 4c -e), but these details can be reasonable and justified in other cases (larger or smaller corners angle). On the contrary, other conclusions (as the positive influence of arranging a secondary reinforcement or the poor performance of members with high mechanical reinforcement ratio) are still applicable (refer to Fig. 4a and b) .
It is to be noted that the available tests show an increased (and satisfactory) performance of detail type C for larger values of the nodal region (a > 90°). This detail is simple to be built but was found to be mechanically unsatisfactory for orthogonal geometries. However, for larger nodal region angles, it can be considered as an interesting solution for construction and from a mechanical point of view. In this paper, the possibility of using such reinforcement arrangement (type C) in combination with a secondary reinforcement is investigated by means of a specific test series. The results confirm the pertinence of this approach. On this basis, a design method is proposed by using lower-bound solutions of the theory of plasticity (stress fields and strut-and-tie models).
Experimental programme
The experimental programme described below continues a preliminary research performed by the authors on the behaviour of nodal regions. The results of the preliminary research are presented elsewhere [39] and showed the problematic behaviour of TTT nodes [29] (nodes where only tension ties are linked) that were therefore avoided in the present testing programme.
Specimens
A total of sixteen specimens with a nodal angle a = 125°were tested presenting various reinforcement details. All specimens were investigated under pure bending conditions in the nodal region (by using a four-point bending test setup, refer to Fig. 5a ). The cross-section was identical for all members (300-mm width and 400-mm height) as well as the nominal reinforcement ratio (q = 0.7%, corresponding to two 22-mm diameter bars). The nominal concrete cover for the flexural reinforcements was 29 mm, leading to a nominal effective depth d = 360 mm. Continuous compression reinforcement (2 bars 22-mm diameter) bent in the corner region and sufficient stirrups to avoid shear failures outside the investigated region were provided for all specimens (Fig. 5b) . With respect to the flexural reinforcement, four different layouts were investigated corresponding to details B, C and two alternatives for layout D (named D 1 and D 2 in the following), see Fig. 5c . These details were used alone or in combination with a secondary reinforcement (details a, b and c 1 to c 5 , Fig. 5d ) and/or transversal reinforcement in the nodal region (types i to iii, Fig. 5e ). More details concerning the investigated reinforcement layouts (area, position, diameter and bend radius of reinforcements) are given in Fig. 6 and Table 1 .
The 16 specimens were tested within two series investigating the following aspects:
-The first series (refer to the left hand-side column of Fig. 6 ) was tested to investigate the performance of the flexural reinforcement layouts (specimens SC22, 26, 30, 34) . Four additional specimens were also tested to investigate the influence of placing an additional straight flexural reinforcement (type b, specimens SC23, 27, 31, 35).
-The second series (refer to the right hand-side column of Fig. 6 ) was also composed of eight specimens and was tested to identify the influence of the various secondary (transversal) reinforcement arrangements on the performance of the nodal regions. This research concentrated only on type C flexural reinforcement, which was selected as the best synthesis between constructability and potential mechanical performance when a transversal reinforcement is provided (refer to Fig. 3d ).
Material properties
The specimens were cast in 2 batches with normal strength concrete. Its compressive strength f c at the time of testing ranged between 40.5 and 42.1 MPa for specimens SC22 to SC35 and between 30.8 and 31.3 MPa for specimens SC38 to SC45 (refer to Table 1 ). The tensile strength of concrete f ct was obtained by direct tension tests (on cylinders with a diameter of 160 mm and a height of 320 mm) and was measured after 28 days ( Table 1) . The maximum aggregate size of concrete was 16 mm. The longitudinal reinforcement (2 bars diameter 22 mm) was hot-rolled steel with a well-defined yield plateau (f y ) ranging between 500 and 515 MPa. The secondary reinforcement (diameters 10, 12 and 14 mm) was cold-worked with a nominal (0.2% residual strain) yield strength between 555 and 575 MPa. For details on each specimen, please refer to Table 1 .
Test setup
The same test setup was used for all specimens; see Fig. 5a . The simply supported specimens were loaded under four-point bending. The size of all loading plates was 300 Â 150 Â 20 mm (Fig. 5a ). The central span (distance between the two inner supports axes) was 1920 mm, and the loads (Q) were applied at 1250 mm of each support (Fig. 5a) . Horizontal movements were possible at the loading points. The two supports allowed rotations and once of them the horizontal sliding. The investigated region of the specimens was situated within the central zone (where the bending moment was constant and no shear force was acting).
Measurements
Systematic measurements were performed for all specimens in the investigated region (Fig. 5a ):
-Vertical displacements (d) measured by means of displacement transducers. -Strains at concrete surface were recorded at the level of the flexural bars by means of omega-shaped gages. -Six inclinometers recorded the nodal region relative rotation (w rel ). -Photogrammetric measurements were performed on one side of the specimen to track the development of cracks and their widths during testing.
Discussion of test results
Fig . 6 include a sketch of the reinforcement layouts and the observed crack pattern at failure (maximal load) for all specimens.
Performance of the reinforcement layouts
A number of parameters are used in the following to assess the performance of the various reinforcing details (see values in Table  1 and Fig. 6 ): -The strength performance can be quantified by the ratio between the bending moment at failure (M R ) and the theoretical bending strength (M flex ). Values of this ratio are summarised in Table 1 . -The deformation capacity is quantified by the ratio between the bending moments M D20 and M D0 . The bending moment M D0 indicates the point where a significant change on the stiffness of the member is recorded (due to yielding of the flexural reinforcement or due to failure within the nodal region). The bending moment M D20 is that still acting in the specimen after an increasing equal to 20 mRad of the relative rotation (w rel ) from the point previously mentioned. A value of this ratio larger or equal than one indicates thus a plastic or hardening behaviour, whereas a value smaller than one indicates a softening or brittle behaviour. Values of this ratio are summarised in Table 1 . -The photogrammetric measurements were used to describe the observed crack pattern. The maximal crack width (w max ) and the average crack width (w avg , calculated taking into account each triangles of the grid where a crack was recorded) are summarised in Table 1 and Fig. 6 . The given values were recorded when the bending moment M D0 aforementioned was acting. These values allow estimating the extent and the localisation of the cracking in the nodal region.
Influence of flexural reinforcement layout
The behaviour of the four investigated flexural reinforcement arrangements (specimens without transverse reinforcement) is compared in Fig. 7a . Details D 1 (SC26) and B (SC34) exhibit the best performances, whereas details type C (SC22) and D 2 (SC30) show a rather poor performance. With the addition of a straight bar across the connection (Fig. 7b) , the performance of the joints was improved in terms of their strength and deformation capacity. This was particularly the case for types B (SC35), D 1 (SC27) and D 2 (SC31), where the strength was equal, or very close to, the plastic strength. However, detail type C (SC23) only increases its strength in a limited manner, still exhibiting a poor performance with limited strength (M R /M flex < 1) and brittle behaviour, see Table 1 .
It is interesting to note the significant improvement on the strength of detail D 2 (specimens SC30 and SC31). This detail, without the additional straight flexural reinforcement is rather sensitive to the actual placing of the bars. However, once a secondary flexural reinforcement is arranged, the detail is less sensitive and exhibits a strength and behaviour comparable to the other type D (D 1 , specimens SC26-27) and B (SC34-35).
Influence of secondary reinforcement arrangement
After analysis of the behaviour of reinforcing details B, C, D 1 and D 2 , it was decided to investigate more in detail if detail type C (the easiest to be constructed but with poor mechanical performances) could be sufficiently improved with addition of secondary transversal reinforcement in the nodal region. To that aim, the aforementioned transversal reinforcement arrangements were tested (8 additional specimens). The results of these tests are shown in Fig. 7c and d . These results show that the behaviour of detail C can be effectively improved with the addition of transversal reinforcement. Despite the fact that several details were investigated, the parameter showing the most significant influence was the total amount of available transversal reinforcement suitably developed rather than its actual arrangement or detailing. The amount of transversal reinforcement is characterised by the mechanical transversal reinforcement ratio q wn Áf ywn /f cp , where q wn = A swn / (bÁs wn ) is calculated accounting for the area (A swn ) of all transversal reinforcement suitably developed (Fig. 5d and e) and placed within the diagonal of the nodal region (s wn = d/cos(a/2), see Fig. 5c ). Table 1 Main properties and results for tested specimens. Specimen Reinf. layout ( Fig. 6 ) As Fig. 7c and d show, specimens with q wn Á f ywn =f cp P 0:06 (Fig. 7d) have a satisfactory behaviour both in terms of strength and deformation capacity, whereas values q wn Áf ywn /f cp < 0.06 (Fig. 7c ) still lead to insufficient strength and brittle behaviour (see in details Table 1 and Fig. 6 ). It is to be noted that increasing the amount of transversal reinforcement above q wn Áf ywn /f cp = 0.06 (refer to specimen SC43) leads in fact to none additional improvement on the mechanical behaviour for the investigated flexural reinforcement amount.
4. Analysis of opening corners based on lower-bound solutions of the theory of plasticity
Analysis of specimens using the Elastic-Plastic Stress Field method (EPSF)
A suitable manner to investigate and to design regions of discontinuity of RC structures is by developing lower-bound solutions of the theory of plasticity [1, [28] [29] [30] [31] such as stress fields or strutand-tie models. A consistent approach for automated development of Elastic-Plastic Stress Fields (EPSFs) based on the finite element method was presented by the authors elsewhere [30] . It allows obtaining suitable stress fields in equilibrium with the external actions, accounting for compatibility conditions and for the influence of transversal concrete cracking on the strength of concrete in compression. A detailed description of the EPSF method, extensive validation against test results and applications to practical cases can be consulted elsewhere [30, 31, 39] . These studies show that the EPSF is a reliable tool if the basic conditions for development of a stress field (availability of a minimum reinforcement for crack control) are respected [30] . As an example of such accuracy, Fig. 8a shows a comparison of EPSF results with the actual cracking pattern measured in specimen SC42, showing identical measuredto-calculated strength and failure mode.
The sixteen specimens presented in this paper were investigated by means of EPSF. The results are summarised in Table 1: -For specimens SC22 and 23, without any transverse reinforcement and with poor performances (average ratio M R / M flex = 0.42), the EPSF is not strictly applicable (lack of reinforcement for crack control) and provides thus safe estimates of the strength. This is justified [30] since the performance of these details relies much on the tensile strength of concrete which is neglected in the EPSF analyses.
-For specimens with q wn Áf ywn /f cp < 0.06 (average ratio M R / M flex = 0.94, specimens provided with a minimal amount of secondary reinforcement in the nodal region or with flexural reinforcement with suitably developed hooks: SC26-27, 31,34-35,38-40 and 44) the results are rather good by using EPSF. The average value of the measured-to-predicted strength is equal to 0.94 with a low scatter of results (Coefficient of Variation equal to 7%). These values do not account for test SC30 whose measured strength was significantly low due to its sensitivity to actual placing of the reinforcement (refer to crack pattern of Fig. 6) -For the other specimens with q wn Á f ywn =f cp P 0:06 (SC41-43 and 45 with average ratio M R /M flex = 1.00), the transverse reinforcement allowed for a very good control of cracks in the failure region and all failed in bending. The EPSF also capture this behaviour (average measured-to-calculated strength of 1.01 and a CoV of 2% (see for instance comparison for specimen SC42 in Fig. 8a ).
Accounting for these results, the EPSF has been used to calculate the minimum amount of transverse reinforcement that should be provided in nodal regions subjected to opening moments to ensure that failure develops by yielding of the flexural reinforcement. For the tests presented in this paper, (refer to Fig. 8b , solid line) it suitably predicts the limit of the required mechanical transverse reinforcement ratio (q wn Áf ywn /f cp ) as a function of the mechanical flexural reinforcement ratio (qÁf y /f cp ). All points above that line indicate that failure follows by yielding of the flexural reinforcement (M R /M flex % 1) whereas all points below that line indicate failure by concrete spalling, anchorage failure or stirrup yielding. The same happens for other tests available in the scientific literature [11, 17] on reinforcement details type Cc or Cd (Fig. 8c-e) .
Design of nodal regions by means of strut-and-tie models
For design of such members, a numerical approach as the EPSF is possible but not always convenient. For such case, strut-and-tie models (STMs) or rigid-plastic stress fields [29] can efficiently be used. In this section, suitable models will be investigated on the basis of the previous EPSF results, focusing on design of the transversal reinforcement (see Fig. 9a ) of detail C (that was identified as the easiest to be constructed in practice and showing satisfactory performances if minimum amount of transversal reinforcement is provided). A suitable STM for this region can be developed by combining two basic models. The first (refer to Fig. 9b ) requires no transversal reinforcement for deviating the inner compression forces by the bending reinforcement. Nevertheless, as experimentally observed, this leads to poor performances and potentially brittle failures with crack localisation. The second (Fig. 9c ) requires for deviation of the inner forces the arrangement of a transversal reinforcement. The forces in the tension chord (F s ) and in the compression chord (F c = F s ) are thus partly (nÁF s ) deviated by the former model and partly ((1 À n)ÁF s ) by the latter (Fig. 9b and c) . The actual behaviour of the region will thus be a combination of both models (Fig. 9d) .
The chord forces for reinforcement yielding can be calculated as:
The required force for the transversal reinforcement (F w ) arranged in the nodal zone (according to Fig. 9a and c) can thus be calculated by equilibrium conditions for the geometry of Fig. 9c as:
The required amount of transversal reinforcement (q wn ) can thus be calculated by using Eq. where the value of coefficient n (which define the amount of total force transferred by the first model, Fig. 9b ) depends mostly on the detailing (development conditions) of the reinforcement and on the cracking state of the nodal region. For low levels of cracking or anchorage forces, first model (Fig. 9b) becomes prevalent, whereas the second model (Fig. 9c ) becomes more active as extensive cracking of larger chord forces develop. According to the experimental and numerical (EPSF) investigations, this depends mainly on:
-The value of the angle a, influencing both the distance of the inclined compression strut (Fig. 9b) to the tensile (cracked) region and the angle between the struts and the ties -The amount of mechanical flexural reinforcement ratio (qÁf y /f cp ), determining the total amount of force to be deviated in the nodal region
According to the design philosophy [40, 41] of Model Code 2010 [38] , a Levels-of-Approximation approach could be used for estimate of parameter n. For preliminary design purposes (Level-ofApproximation I) and a simple and safe estimate, coefficient n can be set as n = 0 (chord forces fully deviated by the transversal reinforcement). For more refined analyses (higher order Levelsof-Approximation), calculation of coefficient n can be performed through EPSF analyses as a function of the angle a and the mechanical reinforcement ratio qÁf y /f cp .
A parametric study has been performed by the authors for values of a between 90°and 140°and for values of q Á f y =f cp up to 0.3.
To do so, the minimum required amount of transversal reinforcement leading to failure by yielding of the flexural reinforcement (M R /M flex = 1) is searched. The geometry selected for the EPSF analyses is shown in Fig. 10a (accounting for inclined transversal reinforcement in the nodal region). The results are shown in Fig. 10b for the EPSF calculations (dotted line) as well as an approximation of the results by means of the following expression (solid line, fitted on the basis of an analysis of governing parameters, Fig. 10 
This formula is to be applied for values of a P 90°. By using Eq. d. On that basis, all final checks (size of struts, anchorage detailing) can be easily performed for the selected geometry (refer to rigidplastic stress field [29] of Fig. 9e ).
Conclusions
This paper summarises the results of an experimental and theoretical investigation on the behaviour of corners of RC frame structures subjected to opening bending moments. Its main conclusions are:
1. Opening corners may potentially present poor performance and a rather brittle behaviour at failure. The behaviour and strength of such members is highly influenced by the reinforcement layout, angle of the corner, flexural reinforcement ratio and transversal reinforcement ratio. 2. Best mechanical performances are obtained for hooked flexural reinforcement anchorage. On the contrary, flexural bent bars anchored in the compression chords outside the nodal region lead to poor performances. 3. Providing secondary (transversal) reinforcement, improves significantly the nodal regions performances both in terms of strength and deformation capacity. A minimum value of the transversal reinforcement (leading to failures by yielding of the flexural reinforcement) can be identified in these regions. 4 . Design of such members can be consistently performed based on lower-bound solutions of the theory of plasticity such as Elastic-Plastic Stress Fields (EPSF), strut-and-tie models (STM) or rigid-plastic stress fields. Guidelines are provided based on a number of numerical analyses (EPSF) and analytical formulas (based on equilibrium models as STM).
